evolution of newly introduced avian viruses into the swine host reservoir. The NPs of these viruses are evolving more rapidly than those of human or classical swine viruses (4.50 nucleotide changes and 0.74 amino acid change per year), and when these rates are applied to pre-1930s human and classical swine virus NPs, the predicted date of a common ancestor is 1918 rather than 1912 to 1913. Thus, our NP phylogeny is consistent with historical records and the proposal that a short time before 1918, a new HlNl avianlike virus entered human or swine hosts (0. T. Gorman, R. 0. Donis, Y. Kawaoka, and R. G. Webster, J. Virol. 64: [4893] [4894] [4895] [4896] [4897] [4898] [4899] [4900] [4901] [4902] 1990 ). This virus provided the ancestors of all known human influenza A virus genes, except for HA, NA, and PB1, which have since been reassorted from avian viruses. We propose that during 1918 a virulent strain of this new avianlike virus caused a severe human influenza pandemic and that the pandemic virus was introduced into North American swine populations, constituting the origin of classical swine virus.
The influenza virus pandemic of 1918 claimed more than 20 million lives (9) . Resolving the origin of this virulent virus has been a major focus of virological research for more than 60 years. Antigenic and seroarcheological studies since the 1930s (see, e.g., references 2, 11, 12, 17, 18, and 27) have indicated that the early human and classical swine influenza A HlNl viruses (i.e., those related to Swine/Iowa/15/30) were very similar. Swine are susceptible to human influenza viruses and vice versa (19, 20) , and avianlike HlNl and H3N2 viruses have been isolated from pigs (23, 38, 44) . Scholtissek et al. (39) proposed that swine may provide an efficient "mixing vessel" for the introduction of reassortant viruses into the human population. This hypothesis may explain the appearance of new pandemic viruses in the human population (40) .
The nucleoprotein (NP) gene has been chosen for evolutionary studies of influenza A viruses (see, e.g., references 13 and 15) because its purported role as a determinant of host range (39, 45, 47) predicts that NP gene evolution should be host specific. Thus, the NP gene may serve as a model for host-specific evolution of influenza viruses. Using RNA hybrization techniques, Bean (3) showed that NP genes fall into five host-specific groups. This finding was confirmed by showing that NP genes have evolved into five major hostspecific lineages that correspond to Bean's RNA hybrization groups (15) . The inclusion of both human and classical swine virus NPs into one lineage suggests that they share a common ancestor. The above-mentioned antigenic studies of HlNl human and classical swine viruses predict the same close relationship for surface proteins, hemagglutinin (HA) and neuraminidase (NA). Evolutionary analyses of other internal protein genes of influenza A viruses also show a close relationship between human and classical swine viruses (M and NS [31] , PB1 [22] , PA [35] , PB2 [16] ), and these viruses appear to be evolving away from avianlike ancestors (15, 16) . This common pattern of evolution and origin for all virus genes suggests that the common ancestor was an avian virus and not a reassortant derived from previous human or swine influenza A viruses (16) .
To date, evolutionary analyses of influenza A virus genes include sequences for only a few classical swine viruses, and human virus gene sequences are heavily biased toward recent virus isolates. Clearly, the lack of representative sequence data for swine viruses precludes an evolutionary analysis of classical swine viruses, and the bias in human EVOLUTION OF HUMAN AND SWINE HlNl VIRUSES 3705 virus sequence data weakens the accuracy of published evolutionary analyses. For example, Gammelin et al. (13) and Gorman et al. (15) show NP genes of recent classical swine virus isolates as diverging before the common ancestor of human and the earliest classical swine viruses. We believe that this portrayal of two separate lineages of classical swine virus NPs is an artifactual result of not having representative classical swine virus NPs between 1931 and 1977. These deficiencies hamper our understanding of the origin of human influenza viruses and the potential role of swine hosts in that origin.
Our aim has been to determine the evolutionary relationships of human and swine influenza viruses. Specifically, we have addressed the following questions. Have HlNl human and classical swine viruses evolved independently; i.e., is there any evidence for a common gene pool for human and swine viruses? (iii) What can the evolution of new avianlike viruses in swine reveal about the early evolution of HlNl human and classical swine viruses? (iv) What is the relationship between the origin of HlNl human and classical swine viruses and the 1918 influenza pandemic? To address these questions, we have included 37 additional sequences that address the deficiencies in previous analyses. The present expanded evolutionary analysis of 89 NP genes is intended to complement our previous analysis of 41 NP genes (15) .
MATERIALS AND METHODS
We selected 37 influenza A virus isolates (16 swine, 7 human, 13 avian, and 1 equine) from which to clone and sequence NP genes ( Table 1) . Many of the early swine virus isolates (SWOH35, SW29-37, SWJMS42, SWIA46, SW41-49, SWMAY54, and SWWIS57) were kindly provided by H. F. Maassab and were from the Francis Historical Influenza Collection at the University of Michigan. Remaining isolates were selected to complement 24 NP genes that we previously sequenced (15) and 28 others from literature and databank sources (Table 1) .
Molecular cloning, sequencing, and sequence analysis were performed as previously described (15, 16) . Briefly, cDNAs of viral NP RNAs were ligated into plasmid vectors and were then transfected into competent Escherichia coli. For each virus strain, two to five NP clones were sequenced. Phylogenetic analysis of sequence data was performed with PAUP (Phylogenetic Analysis Using Parsimony) software, version 2.4 (David Swofford, Illinois Natural History Survey, Champaign, Ill.).
RESULTS
Evolutionary tree of NP gene nucleotide sequences. A phylogenetic analysis of 89 influenza A virus NP gene sequences is presented as an evolutionary tree rooted to an aligned influenza B virus NP (Fig. 1A) . The general topology of the tree is similar to that of our previous analysis (15) acid sequences was constructed based on the branching topology of the nucleotide tree (Fig. 1B ). This approach permits direct comparison of the corresponding branches in nucleotide and amino acid trees for differences in genetic versus protein evolution (15) . In essence, the amino acid tree represents a phylogeny based on nonsilent changes; the collapse of internal branches in the avian lineage indicates that nearly all the homologous internal branches in the nucleotide tree are composed of silent changes. A comparison of human and classical swine virus sublineages reveals that at the nucleotide level they have evolved roughly the same amount from their common ancestor (i.e., the two branches are similar in length [ Fig. 1A] ). However, at the amino acid level the classic swine virus NPs are evolving much more slowly (Fig. 1B) , which suggests that swine viruses are subjected to less selective pressure than are human viruses. The avian lineage is characterized by evolutionary stasis of NPs (Fig. 1B) as noted previously (15 (Fig. 1B, lower star) . This analysis permits identification of the specific amino acid changes that have occurred in the evolution of host-specific NPs and permits reconstruction of sequences for hypothetical ancestral NPs (Fig. 2) . Two possible sequences for hypothetical ancestral avian NPs (Fig. 2, AVIAN (Fig. 2, HUMAN Fig. 1B ) and are derived from analysis of amino acid sequences grouped by phylogenetic relationship ( Fig. 1; see text) . AVIAN (Fig. 1B) . Other ancestor NP sequences shown are human-swine lineage (HUM-SWINE; indicated by the upper star in Fig. 1 ), ancestor of classical swine NPs (C-SWINE; 1925 node in Fig. 1 ), a recent classical swine virus NP (SWIA88), the ancestor of human NPs (HUMAN; 1924 node in Fig. 1 Evolutionary rate analysis. A regression of branch distances of NP isolates from common ancestor nodes permits estimation of evolutionary rates for the human lineage and, for the first time, the classical swine virus lineage (Fig. 3) Evolutionary rates for NP genes and proteins for human and swine virus isolates. The evolutionary rate is estimated by regression of the year of isolation against the branch distance from the common ancestor node of the nucleotide and amino acid phylogenetic trees (Fig. 1) (Fig. 1A and 3 ). This common ancestor is relatively close to the hypothetical ancestor of the avian lineages (five amino acid changes) and is well within the range of distances for all avian NPs (Fig. 1B) (Fig. 1A) .
Evolutionary rate analysis of the avianlike swine virus NPs indicates that they are evolving at a higher rate than classical swine virus NPs (Fig. 3) : 4.5 versus 3.31 changes per year at the nucleotide level, and 0.74 versus 0.34 change per year at the amino acid level. We estimate 1979 as the date for the common ancestor of these avianlike swine virus NPs, which matches the date when the first avianlike swine virus was isolated in Europe (38) . The new lineage shows relatively rapid, divergent evolution away from an avianlike ancestor within the avian lineage (Fig. 1) . (Fig. 1A, 3 , and 4). It is not possible from this analysis to determine the host in which the virus first appeared. If there had been some asymmetry in the lineages, e.g., early swine virus NPs forming a sister group to NPs of later human and classical swine viruses, this would have provided some evidence that pigs were the original host. Instead, the two nucleotide lineages are highly symmetrical and estimate virtually the same date for a common ancestor. Gammelin et al. (13) have proposed that the common ancestor for avian and human virus NPs may have existed as far back as 1837. In their analysis, human virus NP amino acid evolutionary rates over the past 50 years were extrapolated back 150 years to the common ancestor with the avian virus NP, DKBAV77. Such lengthy extrapolations may be misleading (15, 16) . The disparity in our estimates arises because (i) our estimates are based on nucleotide phylogenies and (ii) we attempt to estimate only the date of the immediate common ancestor for human and classical swine virus NPs and then evaluate the relationship of that ancestor to those of avian virus NPs. We believe that more accurate rates of evolution and dates of common ancestors can be estimated from nucleotide phylogenies. This is because protein evolution is dependent on nucleotide evolution and nucleotide sequences contain much more information to resolve ambiguous relationships, particularly when a high proportion of silent mutations occurs (e.g., in avian virus lineages). Moreover, because selection acts directly on the proteins (the phenotype) whereas the genetic code is degenerate, amino acid evolutionary rates may be less constant over time, particularly after a virus is introduced into a new host. During this early adaptation phase, selection pressure on proteins and their evolutionary rates are expected to be relatively high. Thus, linear extrapolation of long-term amino acid evolutionary rates is expected to provide earlier estimates of dates of common ancestors. For example, on the basis of amino acid evolutionary rates in our analysis, the common ancestor of human and classical swine virus NPs is estimated to have appeared in 1900 or 1905, 7 to 13 years earlier than estimates based on nucleotide evolutionary rates (Fig. 3) .
DISCUSSION
The time frame given by Gammelin et al. (13) for NP evolution suggests that the virus may have been in humans for 75 years before our estimated divergence of human and classical swine viruses in 1912 to 1913. Our analysis does not support a long history of NP evolution in mammalian hosts prior to 1912. The internal branch that connects the human and swine NP amino acid lineages to the avian root (between the upper and lower stars in Fig. 1B) represents the changes in the common ancestor that are shared by human and swine virus NP lineages. The closeness of this common ancestor to the avian root (five amino acid changes, only three of which are not shared with any avian NP [ Fig. 2] ) suggests that this ancestor NP had recently been acquired from an avian virus.
Comparison of the homologous internal branches in nucleotide and amino acid trees (Fig. 1) shows that the bulk of the nucleotide changes are silent coding changes (coding-tononcoding ratio, 1:10.6). In this respect, the human-swine NP common ancestor is avianlike; i.e., evolutionary stasis of the protein limits coding changes at the nucleotide level (15, 16) . This parallel suggests that the majority of the nucleotide changes in this common ancestor gene were inherited from an avian ancestor.
Differences in protein evolution between human and swine virus NPs are evident in the earliest virus isolates and represent host-specific signatures of virus evolution. After divergence of human and swine NP lineages, the ratio of coding to noncoding changes in the human virus NP increased and remained stable at 1:4.17 (1933 to 1983 mean; ratio of amino acid to nucleotide evolutionary rate regression slopes -1 [ Fig. 3]) , which indicates a shift in gene evolution relative to the avianlike common ancestor (Fig. 1) (Fig. 1 ). This evolutionary model is appropriate for the HA and NA surface proteins of influenza viruses because they are the principal targets of neutralizing antibodies (28) . However, because the evolution of the internal NP protein is concordant with this model, it is possible that selection pressure via T-cell immune response has affected the evolution of NP genes. In contrast to virus protein evolution, host demo- The unusually close agreement in the predicted evolution of these human and swine virus NPs makes a post-1912 date of origin for human and classical swine viruses plausible. An unusual aspect of evolution in the new avianlike swine virus NPs is that the rate of amino acid evolution is twice as high as that in classical swine viruses while nucleotide evolution is only 30 to 40% higher (Fig. 3) . The disproportionally higher rate of NP protein evolution in the new avianlike swine viruses compared with the classical swine viruses suggests that they are under stronger selective pressure, which, as discussed above, is expected for new viruses. The same situation would apply to pre-1930 classical swine viruses if their date of origin is assumed to be 1918 (Fig. 3) .
A proposal consistent with our evolutionary analysis and historical records would be that an HlNl avianlike virus entered human or swine hosts a short time before 1918. In 1918 a virulent strain of this virus caused a severe human influenza pandemic, and, as suggested by Crosby (9), the human pandemic virus was subsequently introduced into North American swine populations, giving rise to the classical swine viruses (Fig. SC) . The suggestion that classical swine virus was derived from the human pandemic virus of 1918 does not imply that swine did not play a role in the appearance of this new virus in the human population. It is entirely possible that somewhere in the world, swine may have served as an intermediate host prior to the emergence of the 1918 pandemic virus. Clearly, such an event would be highly transitory and therefore impossible to detect in an evolutionary analysis. The potential of avian viruses to enter, circulate, and evolve in the swine host reservoir is demonstrated by the new avianlike swine viruses in Europe. The possibility that the 1918 virus was not a reassortant virus but an entirely novel avianlike virus may be a contributing factor to its virulence, predicted rapid evolution, and entrance into and persistence in the swine host reservoir. A comparison of mortality figures shows that the reassortant pandemic viruses of 1957 and 1968 were apparently milder than the highly virulent 1918 virus (9) . There is evidence that wide dissemination of human virus during the 1968 pandemic resulted in an increased incidence of human viruses isolated from pigs (see, e.g., references 24, 30, and 49). Unlike the 1918 pandemic virus, there is as yet no evidence that the pandemic viruses of 1957 or 1968 resulted in new swinespecific strains that have persisted to the present day. Also, there is no evidence that the pandemics of 1957 and 1968 had any detectable effect on the evolution of NPs of human or classical swine viruses ( Fig. 1 and 4) . Therefore, although new strains of swine viruses may be expected to appear following human pandemics, few would be expected to persist and evolve in the swine host reservoir.
The mode of interspecies transmission of influenza viruses or genes from the avian host reservoir to the human population remains unresolved. The 1957 and 1968 pandemic viruses originated from China, and there is anecdotal evidence that 19th century pandemic viruses also originated from China (28) . Humanlike and avianlike viruses are regularly isolated from pigs in China, Taiwan, and Southeast Asia (24, 33, 42, 44) , but persistent, widely circulating, swine-specific strains comparable to classical swine viruses in North America or the new avianlike swine viruses in Europe have not been found. Common Oriental agricultural practices place humans, swine, and domestic ducks in close association and enhance the likelihood of interspecies transmission of influenza viruses. Further understanding of the origin of human pandemic viruses will require detailed knowledge of the ecology and evolution of human, swine, and avian influenza viruses in a variety of situations around the world where interspecific exchanges are likely.
